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RobertK. Hoyzis
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Abstract

An ultiwte goal of

and “functional”map of

hunan ~netics iS

the hman genre.

the generationof a canpletephysical

‘lwenty-fivepercentof humanU4A,

Iw+ever,consistsof repetitiveCNA sequences. These repetitivelXW sequences

are thoughtto ariseby -y mechanisms,frandirectsequenceamplificationby

the unequalrecombinationof hardogous tNA regionsto the

geneticinformation.A general outlineof the chr~sanal

these re~titive sequenceswill h discussed. ~r wrking

certainclassesof hnm.n repetitiveN sequences“encode”

reverseflow of

organizationof

hypthesis is that

the information

necessary for defininglong-rangegenanicstructure. Evidence will &

presentedtit the firstgoal of this research,the identificationand cloning

of me h- tel~re, ~s &en achievfi.

A humnn repetitiveW librarywas constructedfran randomlysheared,

reassociated,and oligo(G”C)-tailedN, a arthodthatminimizesthe potential

loss of sequences devoid of a given restrictionenzynwsite. Sequencestoo

large to clonaefficientlyin cosmidor A vectors,such as centr-ric repeats,

or telawric wquences with an tnd incarpatiblefor cloning,shouldbe present

in this library. In order to isolatehighlyconservedrepetitiveN

sequences,this librarywas screenedwith radiolabeledhamsterCot50 repetitive

m, w clonas,containingtandemarraysof the sequence(’lTAGGC),nre

isolatedby this mthcd. The identityof thissequenceto that reported
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previouslyfor the MA presentat trypanoscnnetelotaeressuggestedthat the

(7TAGGG)nsequencenMy be presentat humantel-res as well.

In situ hybridizationto humanmetaphasechrc;iasomeslocalizedthe major.—

clustersof this sequenceat the telomeresof all chromosonm. Quantitative

hybridizationsto flow-sortedhumanchromcwxes indicatedthat similaranrnnts

of ‘Ais sequenceare presenton each chroumsow, regardlessof chromsome

length. Bal-31nucleasedigestionexperimentsindicatethatthe major clusters

of this sequence(approximately250 to 1000hexamers)are near or directlyat

the chromosom termini. Using syntheticoligodeoxynuclectides,conditionswere

determinedunderwhich the humantelomwresequence(TI!AGGG)ndoes not

cross-hybridizeto otherknwn teicaeresequences.Using theseconditionsfor

in situ hybridization,biotinyl.atedhuman tel(nnereolig~rs were hybridizedto.—

awtaphasespreadsfrom 91 differentspecies,includingrepresentativeordersof

bony fish, reptiles, aqhibians, birds,and nuumnals.In all 91 species,

hybridizationto the telomeresof all chronwmneswas obsewed, regardlessof

chrowsonw nun&r or size. ‘iheconsewationof the (Tl?AGGG)nsequenceand its

telomericlocation,in speciesthoughtto sharea consnonancestorover 400

millionyearsago, stronglysuggeststhissequenceis the functionalvertebrate

telomere.
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The human genanecontainsa varietyof DNA sequencespresentin multiple

copies(l). These repetitiveNA sequencesare thoughtto ariseby many

mchanisms, fromdirectsequenceamplificationby the unequalrecombinationof

hcxmlogous~ regiotlsto the reverseflowof geneticinformation(2). While

it is likelytnat sormsof theserepetitivew sequencesinfluencethe

structureand functionof the humangenome,littleexperimentalevidence

supportsthis idea at present. ~ reasoned,however,thatevolutionary

conservationof a particularrepetitivel14Asequencefamilymightbe expected

if the oequencceis essentialto cellularfunction. Sequencesrepresenting

centrcsmres,telmres and “functional”chromosomedomainswould be likely

candidatesfor suchconservedrepetitivet14A.

A telcmere is functionallydefinedas a regionof C@& at the awlecularend

of a line~rchroramxw that is requiredfor replicationand stabilityof the

chrcmxmre (3). Ml knownmkaryotic tel~res consistof siaplerepeated

sequencesof G and C-richcomplementarystrands,with the qeneralstructure

(T/’A)m(G)n(3,4). me Grich W strand,oriented5’+3’twards the chrcxnoscmw

end, is synthe~izedby an RNA-dependentteloamraseactivityin Tetrahynena

!5,6,7,8)and Oxytricha‘9). Frequentrecombinatiorioccursduringtelomere

formationin yeast genomicand ~trahymenamitochondrialDNA, predictedby

smdelsof recurbination-mdiatedtelcxwrereplication(10,11). Either

telaneraseor recombinationnmdelsfor telomerereplicat~onexplainthe

stabilityof the basic repeating sequence, yet infrequentevolutionarychange

in the telcaneresequencecouldoccurwith eitherreplicationnethod. In

additionto their rolein chromosomereplication,functionaltelomric W

sequencesare believed to confer stabilityto chromosomes,preventingthe

end-twnd fusionsand w degradationnornwllyobservedfollwing breakageof

chranosomesby X-irradiationor physicalruptur~(3). Our evidencethat the
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functionalhman telarssrehas been identifiedand clonedis summarizedbelow.

A searchfor highlyconservedrepetitiveDNA sequenceswas initiated,

utilizinga humanreccsnbinantrepetitiveDNA library(~? library,plasmid

Huzwn_&peat)(12). fiis librarywas constructedfrom randomlyshearedand—

reassociatedi$IA,a methodthatminimizesthe potentiallossof sequences,such

●s centroswricrepetitivew arrays,thatare devoidof a given restriction

enzymesite (13). Likewise,the ends of linearENA mlecules will,by

definition,be unclonablefollowingrestrictioner,~ digestion,tmt shouldbe

representedin this libraryif theyconsistof repetitiveDNA arrays.

Hybridizationwith a ‘zP-labeledhumanCOt 50 repetitiveDNA probe indicated

that at least95$ of the plasmidclonesin this librarycontainhuman

repetitiveM inserts. A portionof this librarywas screenedusing

3aP-labeledhamsterCOt 50 repetitiveDNA as a probe. Under standard

hybridizationconditions(0.95MM’, 68”c),20% of the bacterialcoloniesgave

positivesignals. tlanyof theseclonescontainedAlu repetit{’~esequence

elements,knownto be foundin high aburdancein mamnaliangenomes(2). When

the stringencyof the hybridizationconditionswas increasedto 0.95MM“,

80°C,0.5} of the coloniesstillgave a strongor smderatehybridization

signal. NO detectablehybridizationsignalto any bacterialcolonywas

observedwhen hybridizationwas conductedin 0.17M Na” at 80°C. Six plasmid

clonesthat stillproducedstronghigh stringencyhybridizationsignalswith

hamsterrepetitiveINA were isolatedfoL furtherSMlysls. Four of these

rec~inants conttinedsmallDNA inserts(39 to 48 nucleotides),each

containinga variationof the samealternating(dGGT)o(dA-dC)sequence. ~i6

sequence,with the capacityto formthe alternativeZ-DNAconfiguration,is

knownto be ubiquitouslyinterspersedin eukarytoicgenows, and to be highly

conserved(14). me other two clones,designated pllul? 93 and pthl?143,
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consistedof 40 and 43 copies,respectively,of highlyconsetvedtandemarrays

of the hexanueleotidesequenceTI!AGGG(12). ~is hexanucleotidesequenceis

identicalto the hexanucleotidesequenceknownto be at the telomeresof

trypanosomechramosanes(15,16).

ClonepH@ 93 w was used to determineuhe chromosomaldistributionof the

(TTAGGG)~sequencein the humn genonw. Quantitativeslotblct analysis,using

flow sortedhwum chromosomes(13),indicatesthat similaramountsof this

repetitiveXNA sequenceare presenton each humanchromos-, regardlessof ths

absolutechrams- length(12). This patter,~of hybridizationcontrastsw!th

thatobsewed for other familiesof humantandemrepetitiveDNA sequences,

which are localizedto distinctchronmscnnes(13)or interspersedrepeat

families,suchas Mu sequences(2),thatgive signalsp~oportionalto

chrcmumxw length. Estimatesof the amountof (TIMGG)~ sequencespresentin

the - gem, determinedfrombothquantitativehybridizationanalysisand

the frequencyof this sequencein the ~ libraryindicatethat 3000 to 12,000

base pairs (500to 2000 hemmers) are presenton each humanchrcxrmome.

The genomiclocationof the (TI!AGGG)nsequenceswas furthercharacterized

by fluorescentin situ hybridization(Fig.1). In orderto b~ttercontrolthe——

in 81W hybridization Conditions, seven-marsOf the hexamers(~A-~) SIX!——

(’fMCCC) wre synthesized and end hhledwith biotin-11421’P.A mixtureof

thesetwo probeswas hybridizedto denaturedhumanmetaphasechromosomesin-—

situ,and flwrescein-labeledavidinwas used to d~tectthe biotinylatedm

(1.2,13).While eitherstrandalonegivesobservablehybridizationsignals,the

fluorescentintensityincreasesby mixingthe tw, presumablydue to out of

registerconcatenation.Fluorescentsignalswere observedat the telomeresof

all humanchrauxmnes. As shownin Fig. 1, about80-90$of the telomeresare

clearlylabeledin most m:aphasei5. Scxre telomereshave very faint
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hybridization,but tie intensityof labelappearsto be a randomvariation.

The fluorescentlabelis at the very end of prometaphasechromosomesbut as the

chromoscxnescondense,counterstainedchromoscanalDNA can be seen beyondFthe

labeledsite (Fig.1). Whetherthis is the resultof technicalmanipulationof

the chraeosaam, or a functionof chroamomal condensationremainsto be

determined.

To determineif the (~)n tandemrepeatsare directlyat the ends of

!mnsn chr~s, high mlecular wight ~ was digestedwith Bal 31 nuclease

for increasingamnmts of tim (12). lhis enzymeprogressivelyshortensDNA

amleculesfromtheirends , and hencesequencesthatare at the original

chromnsm terminiwill be progressivelyshortened,while internalDNA

sequences will be unaffectedby moderatedigestion. GenomicCOIAsequences

ccqlemsntaryto clonepHUP 93 are devoidof rmst restrictionenzyme

recognitionsitesand remainas high adecular weightfraguwntsfollowingSau

3AI or Rsa I digestionand gel electrophoresis.Digestion with M1 31 mxlease

prior to restrictionenzymedigestion,hmiever,shcwsa progressive6hortening

and eventuallossof over 99% of the genomicM sequencescomplementaryto

clonepHuR93 (12). In contrast,genomicDNA sequencescomplexwmtarytc either

an Mu repetitivesequenceprobeor a chrcxnosaw16 specificcentrcxmricrepeat

sequenceare unaffectedby ml 31 digestion(12). The observedkineticsof M1

31 digestion(200bp/min)is consistentwith our estimatethat 250 to iOOO

hex~rs are presentat each humantelomre. The caapletedisappearanceof the

telmwric (TIYuXG)msequencesoccursafterthe removalof approximately4000

base pairs.

In order to use in situhybridizationto definethe evolutionaryoriginof.—

the humantelcsmre,syntheticoligodeoxymcleotldeswere used to determinethe

sequencedependencefor cross-hybridizationof the (’ITAGGG)nrepeat. We
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synb-si :edoligaaersof the knowntehxnericrepeatsof human,Tetrahymena,

Paranwcium,Oxytricha,Saccharomyces and Arabidopsis,as well as the closely

relatedrepetitivesequences(~)~ and (C#Gl!l!)n,reportedfrom the crab and

Physarumgenomes,respectively(TableIA). Theseoligomerswere used in

variousannealedcombimtions for thermaldenaturationanalysis(17).

The hman tel-re sequencewas foundto cross-hybridizeswith both the

Tetrahymenaand Parameciumsequences,even thoughthereis a base-mismatch.—

every six nucleotidesin thesed.dexes. In 50 M NaCl,the ~lting tempera-

ture of the h~-Tetrahynw na complexi‘more stablethan the human-Paranwcium

complex,presumablysinceGT basemismatchesare more stablethan T-T base

mismatches. The thermalstabilityof the human-Tetrahymena complexis only 5°C

lowerthan the h- (TMCCC)7*(GGG’ITA)7couplex(TableIB). Interestingly,

the humn telaneresequence(lMCCC), also formedcaplexes with the plant

(~ )C,yeast (~ ),#and wricha (~ )5 telomeres~ences, as

well as the relatedrepetitivesequences(W’l!li)10and (~)c, althoughthe

duplexeswere 1O-28”Cless stableand exhibitedlwer hyperchroadcitiesthan

the htmum-Paranwcil~telamre ccmplexes(TableIB). The abilityof these

divergenttel~re sequencesto form stablehydrogen-bondedcomplexesunde~

physiologicallyrelevantconditionsmy explaintheirfunctionalinter-

changeabilityas telomeresin yeastartificialchrnmos-s (26),and a~ pr!mers

for tel~rase activity(6).

lb defineconditionsunderwhich the humansequencewould

hybridizeto other telaaericsequences,tl]ermaldenaturations

not cross-

in various

concentrationsof salt and formamidewere conductedwith the nmst stablehuman-

Tetrahymenaand human-Parameciumcoaplexes.

8equenceswith single-basechangesfrom the

smre stablemis-matchedduplexesthan the6e
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30% formamide,the cross-speciescomplexesare less stablethn in normal

solutions(17). The human-Tetrahymemcomplex,in particular,exhibitsa

dramaticreductionin thermalstability,and a decreasedhyperchromicity.

When in situhybridizationwas conductedin 0.4 M NaCl, 30% formamide——

37°C,sane cross-hybridizationof the l’etrahymena (GGGG’lT)7sequencewas

salt

at

obsewed on humn telomeres.The fluorescentsignalintensitywas, however,

considerablyweaker

_nce (~), .

quiteapparent,and

and less consistentthan the signalobtainedwith the human

The differencebet-en thesehybridizationsignalswas

hencerm?taphasespreadsfrom91 differentspecies(17),

includingrepresentativeordersof bony fish,reptiles,amphibians,birds,and

mannnals,were hybridizedto biotinylated(GCGT’TA)70(’!!AACCC)7using this hybrid-

izationprotocol. A final“melt”wash, in which the temperaturewas raised

from 37°C to 50°C (in 33 nM NaCl)was used for at leastone speciesof each

order,to confirmthe identityof the (GGGTT!A)7hybridization(17). None of

the other synthetictelomeresequencescross-hybridizeto vertebratetelomeres

Undqrthe “~lt” ~~h ~itions. In all 91 species,hybridizationto the

telmeres of all chromosomeswas observed,regardlessoi chromosomenumberor

size (17).

‘Whilethe numberof speciesstudiedis a smallpercentageof the total

numberof extantvertebratespecies,it representsa diverserangeof this

subphylum. It is unlikely,therefore,that if a varietyof telomeresequences

wre utilizedby vertebrates,evidenceof thisvariationwould not have been

detectedin this study. me humansequencedoes not cross-hybridizeto insect

or planttelomeresunder stringenthybridizationconditions,however,

indicatingthat telomeresequenceevolutionhas occurredduringanimal

evolution. ‘l%eaverageratesof DNA sequenceevolutiondifferbetweentax-

onomicgroups,varyingbetween0.25and 1.25percentper millionyears (27).
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‘Itieconservationof the (TTA@G)n sequenceand its telomericlocation,in

speciesthoughtto sharea c-n ancestorover 400 millionyearsago (17)~

stronglysuggestthismolecular“fossil”(4) is the functionalvertebrae

telomere.

‘Itierecentfindingthat telomericDNA oligonucleotidesformnovel

intranmlecularstructurescontainingguanine-guaninebase Pairs (28)has

suggestedthat teloaereflmctionmay involvenovelDNA-DNAor DNAprotein

conformationsand interactions(3,28,29).The (lTAGGG)~repeat,presentat the

telomeresof vertebratechromosomes(12,17)can prime,in vitro,the addition.—

of tetrahynma specific(TIGGGG)~repeatswhen the telomereterminal

transferaseof tetrahymenais used (6). We have shownrecentlythat the

(~)~ s~ence can functionas a telomerein yeast,allowingthe cloningof

large (50”250kb) hununtelomeric~ fragnentsas yeastartificialchromosomes

(30). The end point of the humanphysicaland geneticmaps has beer obtained.
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Treble IA - 8yntktic ~titive = Oli~leoti&s

Oligamu Organi am Tm (°C) Reference

(Gamd7”(mKcc)7

(~),”(~),

(GGmm), ”(MAccc),

(GGGGrlm), ”(AAAAcccc),

(mG’rGGG), ”(ccwAcA)5

(aG1-Im)6”(TAAAccc)6

(CGm)lo”(mcc)i’

(-A), ”(TACCC),

Tetrahynrna

Paramciwn

Oxytricha

Sacchar cnqces

Arabic$opsis

Crab

Physarum

70

74

72

68

70

60

68

70

12

15

10

19

20

21

22

23

Oligodeoxyn’Jcleotidesof 4C to 42 nucleotidelength6 wre 6ynthcsized,

hybridizedand denatured in ‘,u~ NaCl (12,17), Tm te~rature is taken at the

last linear height incraase in h~rchromicity (17).
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-e X8 - -1* ~ratures of N-tcbd 011~ leotirk ~lexes

Oli~rs Organisms Tm (“C)

(GGGG’lT),“(’MCCC), Tetrahyama-iiuman

(GGGm), “(TAACCC), Parmcim-lhman

(G331’mA), ”(TAAccc)7 Arabidopsis+urmn

(GGGrA), “(mAccc)7 PhysaruHiumsn

(GGGGITIT), o(WCCC), Oxfiricha-Humn

(mG’mG), ”(wccc), Saccharomy ces-tltmm

(mA), o ●(TAACCC), Crabliwm

.—— —.

65

60

50

50

38

34

32
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Figure Legends

Fig. 1. In situhybridizationof biotin-labeled(GGG’1TA)70(TAACCC)7oligomers——

to human=taphase chranosomes(12,17).
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